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NATICNAL ADVISORY COMUITTEE FOR AEROFAUTICS

TECHRICAL NOTE NWO. 1055 -

JOMPARTSON OF TWO~DIMENSIONAL ATR FLOWS ABOUT AN

NACA 0012 ATRFOIL OF 1-INCH CHORD AT ZERO LIFT |

IN OPEN AND CLOSED 3-INCH JETS AND CORREGCTIONS
FOR JET-BOUNDARY INTERFERENCE

By Ray H. Wright and Coleman duP. Donaldscon
SUMMARY

Pressure distributlions and schlieren photographs
for the high-speed flow about a symmetrical airfoll at
zéro 1lift in open and closed jets are analyzed to show
the nsture of the jet-boundary interference. Application
of the theoretical tunnel~wall corrections brought the
results for the open-throat and closed-throat tunnels
into approximate sgreement. The stream Mach number in
the closed jet was lirited by tunnel choking. In the
open Jjet, although the theoretlical interference was less
than in thie closed jet, unasteadiness connected with the
jet-boundary conditions limited the usefulness of the
results at high Mach numbers.

INTRODUGCTION - .-

In order to correlate wind-tunnel data wlith the
free~fllight performance of slrcraft, corrections for the
influence of the free or solid boundaries of the tunnel
alr stream must be applied or must be shown to be negli-
gibla. Theoretical corrections applicable with incom~
nressible flow have lonz been ¥nown.and have been checked
by experiment. Thsory for the effect of compressibility
on the corrections has recently been developed, but thils
theory has not been fully verified by experiment nor havs
the limits of applicability of the theory been established.
The tests .of this investigation of an NACA 0012 airfoll
in open~thrroat and closed-throat tunnels were expected to
indicate the applicablility of the theoretical compressibility
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2 ' - NACA TN No. 105%

el'fect on the solid-constriction correction and to
establish the order of magnitude of the solid-constriction
corrsction at the highest Mach number attainable in the
closed tunnel. Inaswuch as the theoretical solid-
constriction corrections are of ogposite slgn for open-
throat and closed-throat tunnels, the coincidence of

the theoretically corrected results for an alrfoll tested
in oven and closed jets of the same size would constitute
evidence of the validity of the theoretical corrsections.
In the theory em»>loyed in the analysis of the data, the
dimensions of the model are assumed to be small in com-
marison with those of the tunnel., The sxverimental
arrangensnt _satisfied thls assumption. The experimental
worx was done in the Langley l-liach turbine-element
testing apparatus, for vhich in these tests the throat
was 1 by 3 inches. S :

SYNM3DLS
t mocal thlckness to-
c mcdel chord
A parameter.depending on_aiffqil base profile shave
h " tunnel height, distance betwsen upper and lower

walls of jet
Xy, ¥ Cartesian coordinates, orientation defined where used

r, 9 polar cocordinates, orisntation defined where used

ol staﬁio pressure

H total pressurs )
velocity

AvV velocity increwment

a speed of sound )

M Mach number, value in the iundisturbed strsam unless

otherwise indicated (V/a)
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AM Mach number increment

R Reynolds number

¥ retlo of specific heat at constant pressure to
speclific heat at constant Vplume.for alr

a angle ‘of attack

cq section drag coefficient

Subsbripts:

1 ineompressible

c comoressible

o] undisturbed stream

a at orifice =

b at orifice b

1 increment at orifices a and b dué to first pair
of doublet images {images A and A' of fig. T)

2 increment at orifices a and b due to second peir
of doublet images (images B and B' of fig. 7)

3 1ncrement -at orlfices & and b due to all doublet

av

ch

corr

cr

images except first two palrs

total increment at orifices a or b due to all
.. doublet images

total inc:ement at position of model due to all
" doublet ilumages :

avergge.vaiue between orifices a and b ..

choking |

local -

values with solid-constriction oorrectiohs applied

critical value corresponding to first attainment
of speed of sound in flow field
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erf effective value (8ll corrections aonlied including
direct model intsrference at calibration orifices)

APPARATUS AND METFODS

Because schllieren photographs of the entire flow .
field about the model arrfoll in the tunnel were desired,
the appearatus used to simulate both the open-throat and
the closed-throat tunnel was of necessity quite small.
The test anspecratus is shown in figure 1.

A suonly of compressed air, valved into the settling
chanber. was passad through & number of fine scresns and _
was contrested into the test sectidn. The upper and
lower walls of the test section were interchangeable
wooden blocks shaped to simulate either an open-throat
or a closed~throat tunnel. The vertical walls were also
interchangeable. The tegt sirfoll eguipped with pressure-
distribution orifices could be mounted between steel
vlates that were also equlpped with pressure orlfices
(see fig. 2) for measuring the flow vslocities and for
setting the angle of attack. This setup was provided
with a simple yoke mechanism (fig. 1) so that the angle
of attack could be adjusted while the tunnel wsas in
opaeration. The steel nlates could be revlaced by plate-
glags -frames so that the entire field of flow could be
nhotographed by use of a schlieren technique. For the
gchlieren photographs, the alrfoil was held in nlace
mainly by friction and the angle of attack waa adjusted
between runs by trial and errob.

The model used was an NACA 0012 alrfoil of l~inch
span and l-inch chord, One surface was equipped with nine
pressure orifices at points 7.5, 17.5, 27.5, 37.5, 47.5,
57.5, 67.5, 77.5, and §7.5 percent chord from the leading
edge. The tunnel heirht for. both the open-throat and
closed=-throat tunnels in all tests was 3 inches. The
ratlio of the model thickness to tite tunnel helght was

thus % = 0.0l and apprecilable tunnel corrections would

he exnected even at low speeds. With thlis arrangement
the Reynolds number at—the alrfoil criticsl speed was
aoproximately 350,0Q00.
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¥ach numbers ¥ at various polnts in the tunnel
were obtained from the total pressurs H and the stsatic
nressure v by use of the relation P

2 (HI?E
M =-\ - 1.]_<5> -1 (1)

where Yy 1s the ratio of specific heats. By means of a
calibration, the total pressure was known as a functlon
n{ the nrassurs in the settling chamber; the static

nressurs#-were measured in the usual way by means of &
manomster,

" The tunnel Mach number was tsken as that corresponding

to the pressure at orifice a, which was in the tunnel side

wall at a point 1.375 inches upstream from the leading
edre of the model (fig. 2). Pressurp distributions at
the surface of the rodel were taken at tunnel Mach numbers
ranging from 0.%5 to 1.0 1n the cpen jet and from 0,39
0,797, which was the choking ¥ach numbey, in the clased
1et. The pressure at, orifice b, vhich was in the tunnel
side wall at a vpolnt 1 375 inches downatream from the
tralling edge (fig. 2), was also measured.

The angle of attack was adjusted to O° by accurately
balancing the pressures at two orifices symmetrically
located above and below the airfoil (fig. 2). The adjust-
ment was made on a sensitive alcohol manometer and at a
tunnel Msch number of O.60.

3chlieren photographs of the flow in both open and
clossd jets wore made for the same Mach number ranges as
those of the oressure-distribution tests but were not
talen simultaneously wlth these. -The schlieren method
(method of striae} is described in reference 1. 1In the
nresent tests, lenses were replaced with mlrrors. o

TEST RESULTS -

The Uressure distributicns are presented as the
atlios of the local static pressure to the total preas-

qure P /H. The pressure ratios plotted against the

distancn from the leading edge expressed in terms of
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the chord for various bunnel Mach numbers M, 1in the

closed tunnel are glven in firuve 3. A simllar plct for
the open jet 1s presented in figure l.. The orifices

at 17.5, 7.5, and €7.5 psrcent chord were found to be
plugged or leaking and thie pressures at these criflces
are therefore not presented. Afditional rnressure data
were teken 1n the open jet but were found to be incom--
plete and could not Le dnalyzed.

The schlleren vhotographs of the flow about ths alr-
foll in the closed and open jsts are shewn as fipgurss 5
and 6, The Mach numbers for these Flgures sre tho tunnel
Mach numbers M and the anzle of attack 1s 0°, The
schlisren setup was so arranged that light reglons indi-
cate increasing density downstrsam (compression)} and dark
regions, decreasing density downstream (expansion).
Recause a shock wave is a comnnression, 1t a-nears as a
light line often followed by a parallel dark strip, The
photosraphs of figures 5(f), 5(i), 5(3), 5(o), and 5(p)
were talen with ths schlieren system udjustsd for greater
sensitivity than it was for tha other photographs of ths
series, In the »nhotozranhs of the model in the closed
jot (fige. 5), the upner and lower boundaries of the phote-
graphs reanresent the tunnel walls, In ths photojraphs
of the model in the open jet (fig. 6), the uppar and
lowsr boundaries are shown by vortex sheets., In all
schlizrsn photographs the flow dirsction 13 from left to
right, , o _

ANATYSTS AWD DISCTUSSION

Apnlication of Jet-DBoundary-Interference Thsory

The ftheory used in the analwvsis of the data is
contained 1n the references and is not rspoated herein;
the application of the theory is, however, described,

The following corrections must be applied: (a) a correc-
tion for the tunnel-wall intsrfercnce at ths position of
the model, (b) a corresction for the interference &f the
model at the calibratlon orifices used for debermining
the tunnel velocity and Mach number, and (c¢) a correction
for the wall interference at these oriflces. In additlon,
for the prssent tests, the exlstence of a pressure '
gradient in the tunnel 1s taken into account along with
the corrections due to interference, The theoretical

.
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tunnel-wall interference at the positlion of the model 1s
treated first and the order of magnitude of the corrsc-
tions involved is investigated. The influence of the
model alone at the calibration orifices is discussed
next. The pressure gradient and part of the wall lnter-.
ference are then shown to be anproximately taken into
account by averaging the pressures between calibration
orifices equidistgnt from the leading and trailing edges
of the model, Finally, the remaining part of the lnter-
ference at the callbration orifices and at the model is
celculated and the corrections applied. .
Theoretical tunnel-wall interference.- Two types of
wall interference, solid constriction and wake constric-
tion, affect the two-dimensional subsonic flow aboutbt a
symmetrical airfoil at zero 1lift in a tunnel with solid
boundaries. The presence of the rigid boundaries prevents
the lateral expansion of the flow and thus increases
the effective stream velocities (and Mach numbers) in the
vicinitvy of the model. This-type of wall interference 1is
referred to herein as "solid ccnstriction." The wake due
to the alrfoll drag occupies a ragion of low veloclty
behind the airfoil. Again the rigid boundaries prevent
lateral expansion such as would occur in an infinite
stream and the continuity condition of constant mass flow
through all cross sections of the tunnel requires that
the velocity outside the wake be greater than if the wall
constriction did not occur. This effect is termed 'wake
constriction.," Both types of interference result in an
ffective increase in velocity and lMach number at the
model, For a symmetrical airfoll at zero 1ift, the
assumption is made in the theory that a correction to
the indicated tunnel velocity is the only tunnel-wall
correction required. The denslty,. dynamic pressure,
Mach number, and Reynolds numder must, of course, be
corrected accordingly.

In a tunnel with free boundaries, the lateral
expansion of the flow about the girfoll is greater than
in an infinite stream and the velocity in the vicinlty
of the girfoll is therefore reduced. The magnitude of
the solid-constriction correction in an open jet is only
one-half that in the closed jet and " the wake constriction
is negligibls. '

The tunnel-wall-correction theory applicable with
incompressible flow is developed in referencs 2,
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pagss 50 to-57. The solid-constrictlon correction,
that 1s, the veloclty increment AV to be added to the
indicated tunnel velocity, is shown to be, for the
closed-throat tunnel,

t
(25

i d

AV _ 72y E)z o (2)
Vo 12 h

and, for the open~throat tunnel,

2 !

ﬂ’=-—"',3x<3> e (3)
Vo 21 h .

where

Va tunnel veloclty

t thiclmess of alilrfoil

h tunnel height

A parameter depending on airfoll shape

With compressible flow, formulas (2) and (3) suffer
important changes due to compressibility effects. The
most complete available tneorv of the compressibility
elfects on two-dimensional tunnel-wall interference is
contalned in reference 3, in which tie velocity- :
interference corrections for solid constriction in the

cloged jet are shown to vary as - - The theory
(12 x2)3/2

of reference 3 is applicable also to the sclid constriction

in the .open-<throat tunnel and the compressibllity effect

in the open jet—Is the same as that in the closed jet,

In compressible flow,:formulas (2) and (5) therefore

become, for the closed-throat tunnel, '

XA 12—- £)° ()
Vo ' (1 - y2)3/2 12 <n) L

ar m—— s
.
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and, for the open-tnrocat tunnel, _ &37
i~
-A e
%XF /2 2l ( > c¥ )
o (1 -m2)¥/E 2

where M 1s the stream Nach number corresponding to V.

The wake-constriction correction for the closed-
throat tunnel with the compressibllity effect 1ncluded,
as taken from equation (23%) of reference 3, is

AV 1 + 0.138 cge u,tﬂtt

Vo 1~ Lh c183®

4 (6)

where cg 1s the sectlion drag coefflclent based on the
airfoil chord c¢., Within the accuracy of the other
approximations employed herein, the apparent value of cg
ratner than the corrected value mey he used. The solid-
constriction correction decreases very rapidly as the
size of the model is decreased, for this correction is
proportional to the square of the ratio of the model
dimenslons to tunnel helght; the wake-constriction
correction decreases much less rapidly, for 1t variles as
the Flrst power of the ratio of model dimensions to

tunnel height. It will be observed that the theoretical =~

compressibility correction for wake constriction is
different from that for solid constriction.

An estimate can now be made of the relatlive magnl-
tude of the two corrections in the closed jet with a low
value of the Mach number, Nith a Mach number of 0.5,
the veloclty is avpproximately 350 miles per hour, which
corresponds to a Reynolds number for the 1l-inch-chord
alrfoil under standard conditions of sbout R = 295,000,
or ‘log R = 5,l7. From figure 148 of reference l. the
drag COeffigient cg at this Reynolds number is of the
order of 0.,01. with ¢ = 1 inch and h = 3% inches,
squation (6), when the effect of compressibility is not
taken 1into account, is
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=
=

0.00033 (

-1

for the NAZA 0012 airfoil, M = lf.12 (reference 3) and
the thickness of the l-inch-chord ailrfoil is 0,12 inch
sc that the solld-ceonstriction correction given by
equation (2) is

AV _ T2, (E)z
v, 112 \h
= 0,005L2 (3)

Tne estimated solid-constriction corresctlon 1s nearly
seven times the estimated wake-constriction correctiomn.
At Mach numbers larzer than the critical, howevor, the
drag mav increasse greatly and the size of the solid-
constricilon corrscticn may be exceeded by that of the
wake-constrictlon corresction,

The corrections in eguaticns (4) to (6) are to be
annlied to the valocity in a parallel channel without
boundarv laysr and at an infinits distance upstream
from the model, where the influence of the model 1s
negligible., Practicglly, thes effect of the boundary
layer 13 kept small by limiting the length of the test
ssction of the tunnel, for the boundary layer 1s pre-
vented in this way from becoming very thick, and corrac-
tions are apnlied for any veloclty gradlent nroduced by
boundary-layer developnent or wall divergence or both,

In any practical case, however, the influence of the model

at the orifices used to determine ihe tunnel veloclity
may not be negligible, and account must be taken of this
interference, '
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Influence of model alone on velocities at calibration
orifices.- In the present tests the tumnel velocities
were dstermined from measurements taken at orifices a
and - b as previously described. (Ses fig. 2.) Consider
the consequences of basing velocities and Mach numbers
on pressures taiten at these orifices. Supvose first -
that the. airfoll is placed in an infinite, uniform stream
of velocity V.. The airfeoil can be represented by a o
distributlion of .sources and sinks of total strength zero. '
With such a distribution reprssenting the NACA 0012 air-
foil, the velocities for incompressible flow at orifices a
and 1 were found to be

<éi = -0.0048 . (9)
Vo /s
a
and )
( ) = ~0.0040 (10)
v

Prom the first of equations (Al0) of reference 3, these
increments are expected to incregse with Mach number by

the factor ———l——-- o

- LIZ - . - RS

The velocities at orifices a and b are affected by
the wake also. It is reasonable to suppose that the
effect of the wake may be represented by a distribution
of sources, sinks, and vortices. The vorticity coming
of f the upper surface 1s equal iIn magnitude but opposite
in sign to that coming off the lower surfacé and the
vositive and negative vorticlties rapidly diffuse so
that, if the wake is not excessively large and violently
fluctuating, the effect of the vorticity a short distance
from the airfoil is negligible. The sink distribution
as shown in part IT of reference 5 1is due to the wake _ R
‘dissipatlon behind the airfoll. At a consider able -
distance from the airfoil, the combinstlon of sources ' )
and compensating sinks has aoproximately the same effect
as a doublet. In the representation of the wake, however,

vV,casc i
°2d {(reference 5,

-

part II). Because the sum of the compensated sinks

the sources exceed the sinks by -
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cannot be as great as this value and because the induced
velocities due to a source and to a doublet vary
inversely as the firat and second powers of the distance
- from the pogition of the source and doublet, respectlvely,
the velocities induced by the wake at'orif}cesoa and b

c
are due mainly to the source of strength °2d .

If, instead of a_source distribution, a single
] Vocge .
source - of strength £y is assumed to be concentrated

at the midpoint of the airfoil chord, the induced wvelociltles
at orifices a and » with the previously estimated drag
coefficient of 0.0l are (including the compressibillity
effect glven by equations (A10) and (20) of reference 3)

<é-v ~ 1+ 0.4M2 cgC

UYA \A - M2 lmx

1+ 0:4M°  0.01(1)

Vi - M2 Lw(-1.875)

i

. 112. ) ) o .
_0.000k2 L Q. ' (11)
- M2

and

<§j_f -~ 1+ 0.lM® _ 0.01(1)
Vo/n - ¥2 Lm(1,875)

12 '
0.000l2 Lt Q:lM= . (12)
i, - M2 :

where x 1s the distance from the source measursd

positive along the chord.in the direction of the free-
stream veloclty V,. Because of the lncrease 1n drag,
coefficient, these velocity increments may be greatly
increased at Mach numbers larger than the critical but
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will still be small in comparison with the stream velocity.
¥ith small induced velocitles, the pressure differences
are proportiocnal to the veloclty increments and, because
the I1nduced velocitlies at orifices a and b due to the
source at the origin are opposite in sign, the veloclties
and Mach numbers computed from the average of pressures
at orifices a and b are automatically compensated for

the effect of the wake at the measuring orifices.

Because the effect of the actual wake may not be
accurately represented by a source at the origin, the
wake effect will not be exactly compensated but, at
 least with Mach numbers less than the critical, the

error involved 1s believed to be small, Correction for
the error given by equations (9) and (10), which involves
addition of a velocity increment '

AV _ 0.00L8 + Q.0040 (13)
Vo 21 - ¥2 - | )

to the stream velocity determined from the average of
pressures at orifices g and b, should therefore yileld a
good arproximation to’ the true velocity of the infinite
stream. .

Correctiona for wake and wake-constrliction inter-
ference and for pressure gradient.- Suppose now the air-
foll is placed in a closed-throat wind tunnel. As shown
in reference 6, the wall interference due to wake con-
striction can be represented by means of source images .
in the tunnel walls, The velocities at orifices a and b
wlll be affected by these lmages as well as by the source
representing the original wake. From equations (21),
(23), and (25) of page 3l of reference 2 the velocity

at orifice b due to the source Jocg® end its images 1is

2
AV _ %a% 1w
¥. = Tv Zn (coth == + tanh 2h> ()

or with ¢g = 0.0, ¢ =1 inch, h = 5 inches, and
x = 1.875 inches ' : :
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AV _ 0.01 PP
— = == (1,326 + 0.75k)
v, 2 75k

0.00087 (15)

which 1is about twice the value obtalned without the wall
interfersence. At oriflce a the induced veloclty due to
the wake and 1its Images is the negative of the value

glven in equation (15). Because the angle between the
stream direction and the radius vedtor from any image is
the same for orifice-a as for orifice b, the compressibility
effect given by equations (All) and (203 of reference 3

1s glso the same and the velocity increments remaln equal
in magnitude but onposite in direction so that, as in the
case of the infinite stream, the effeot of the wake 1is
removed by averaging the Mach numbers at orifices a and b.

In the oven Jet, the source images must-be alternately
negative and positive and the effect of the wake 1s gliven
by taki the hyperbolic tangent term negative 1ln equa-
tion (1ﬁ§-so that at orifice b ‘ :

Av 0,01 - PR
— = == (1,326 ~ 0.75
v 2L, (1.3 . 75L.)

o002k (16)

The induced velocity at oriflce a is the negative of this
value (because x 1is negative ahead of the model). The
compressibility effect is again the same at oriflee a

a8 at orifice b and again the effect of the wske 1s
removed by averaging values at orifices a and b.

An estimate of the effect of basing the tunnel
veloclty on the average value of. the pressures at
orlfices a and b, if tke source representing the waks
were located at the trailling edge lnstead-of at the center
of the chord as assumed, indicated an error of about
one-fifth of the total wake-constriction correction.
Inasmuch as the effsctive origin of the wake should lie
hetween the center and the tralling edge, the error due
to the excentral origin of the wake should therefore be
less than the estimated one=fifth,

il

A



NACA TN No. 1055 - _ 15

A more serious source of error is the pressure
gradient that exists in the tunnel without the model.
This pressure gradient i1s usually taken into account by
means of an empty-tunnel calibration but, in the present
case, an empty-tunnel cealibration was not avallable and
therefore direct corrections for the pressure gradients
could ndt be made, The pressure gradients, moreover,
are thought to have varied from test to test because the
open-~throat and clossd-throat tunnels were tzken down
and reassembled several times without any check on the
pressure gradients. If the gradient is constant, the
method of averaging pressures between orifices a agnd b
will eliminate the effect of the gradient on the deter-
mination of the velocity and Mach number at the model.
If the gradlent is not constant, the estimated velocity
will be too high or toc low, depending on whether the
velocity gradient is increasing or decreasing.

In this analysis, the assumpbion is made that the
average of the pressures at orifices a and b corresponds
to a velocity at the model which is automatically cor-
rected for wake constriction and pressure gradient. The
only correction to be applied to the velocity so obtained
is that due to the effect of the airfoil DPOle‘ and its
images., |

Correction for interference due to profile.- The
correction to be applied to the average of the velocities
at orifices a and b is the difference between the
veloclty lncrement at the position of the model due to
the s0lld constriction and the velocity increments at
calibration orifices g and b due to the solld constric-
tion plus the direct influence of the profile. - The
velocity increment at orifices a and b due to the solid
constriction will be calculated first, As shown in
reference 2, if the airfoll is small in comparison with
the tunnel size, the boundary conditlons can be approxi-
mately satisfiled by means of an infinlte series of
Images of the equivalent airfoll-doublet in the tunnel
boundariles. From reference 2, the esquivalent doublet
due to the airfoill 1is

b= 3 MAV, (x7)
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ard therefore, as seen from raference 7, wlth incom-
presslble flow the induced veloclty AV in the stream
direction at a point (x,y) (see fig. 7) relative to
any doublet image 1s

ng
5 A2 -
AV _ =2 y2 - % (18)

Vo 27 (x2 . y2)2

The induced velocity due to the =so0lid constriction

at orifice a 1s the same as that at orifice b. Consider
therefore the induced velocity at orifice b due to the
images in the boundaries.,.

From equations (21), (23), (26), and (30} on
pages 3l and 35 of reference 6, the lncompressible-flow
induced velocity on the x-axis due to the limages of a
doublet orlented in the direction of the flow in g
closed channel is

1)

AV - a7 ff% <}ech2 g% - cschg —_ +.1EL. (19)
b 2n " 2

where, in the notation of this paper,

_ M2
al— L‘_
With & = 0.12 inch;, 'x = 1.875 inches, and h = 3 inches,
5 - 25 (5Y (0.4317 - 0.7598 + 1.037)
V. 16 \n - . y

2.
o.u57k<§> (20)
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The only caange in eguation (19) reguired for the open
jet is to make the sech? : term negative and

AV _ 72 /5N
AV = M /BN (o317 - 0.7598 + 1.0
L-x (h> (-0.4317 - 0.7598 + 1.057)

= -0.0957\(:%)2 o (21)

Because the campressibility effect varies with the
angle © (see fig. 7) betwsen the x-axis and the radius
vector from the doublet to the polnt considered, the
contributions of the images must be divided in such a
manner as to facilitate the application of the com- '
pressibility factors. Prom ths theory of ‘rafersnces 8,

tha compressibility effect orn the axial velooity cus to_ﬂm

the doublet 1is found to be _ N

sin28
2 sind8 - 1

avy ) A - M2 (1 - N2 s_m?-ef

2

(22)

For Images A and A', which are 3 inchses from the
tunnel center line (see fig. 7), the term sin® is

3in°6 = - (5)%
(3)2 + (1.875)°

= 0.719
Similarly for the next two images, B and B!,
-
sin®g = (8) -
(6)2 + (1.875)°

= 0.911
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Por_the images 9 inches and more from the center line,
sin2g avproaches wunity and, because the maximum Mach
number at which comparisons between values for oren and
closed jets can be made in these tests 1s about 0.85,
the compressibllity effect given by equation (22) is

3/2. The 1nduced
(1 - M2) '

veloclty at orifice b may therefare be computed as:

(2) that due to the first two images, A and 4', plus
(b) that Gue to the next two images, B and 3!, plus

(c) that due to all other images. With x = kh arnd

¥ = nh, the induced velocity at orifice b due to
images A and a' (n = lé) k = 0.625) taken together 1is

evidently approximated by

thus, from equations (1 and (22)
2
_ 2 3in
AVy (+)ECE>2 n? - K@ - M 2 sincg - 1
Vo 2 (1 + n2)® A T12(1 - v2 s1n2g)°

= (i)o-l‘i??‘»(t/h)z(l - 1.6Lw2)

A e - 0.7212) 2

where the positive sign aprllies for ths closed-throat
tunnel and the negative for the open-throat tunnel.
The velocity due to the images at B and B' (n = 2,

k = 0,625) is similarly -

AV 0.09MA (£/n)2(1 - 1,1142)
Vo Vi -u2 (1 - 0.91m2)

where the positive sign anplies for both open-throat
and closed-throat tunnsls.

The contribution due to the remaining images is
cbtained by subtracting that due to images A, A', B,
and B! (equations (23) and (2ly)) for incompressibile
flow (M = 0) from eguations {20) and (21) Ffor closed

-
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pressibility factor (1 - M For the closed jet,

and oven Jets, reSpectivelyé %?% dividing by the com-
) .
therefore, S

Vs _ (0.437 - 0.157 - 0.09L)M(t/n)2

Vo (l _ M2>5/2
0.186A(t/h)° L
Sl (25)
(1 - w2)?/% - '
and, for the open jet,
AVz  (-0.095 + 0.157 - 0.094)M(t/n)?
Vo (- M2)3/2
-0.032 y2
_ 0.03 K(téii (269
- M2) -

The total induced velocity at orifice b (or at
orifice a) due to the =so0lid constriction is therefore

AV Av AV, . AV, L : —
Vo Vs Vo = Yy

The solid constrictlon, at the position of the model,
given by equations (L) and (5) is, for the closed-~-throat
tunnel , : : R

AV _ 0,822 .7\<E>2 (28Y
Yo (l - MZ)B/Z ?
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and, for the opsn~throat tunnel,

e _odu (o
Vo (1_}‘12)9/2 h, ’

The residual solid-constriction correction to be anplied
to the velocity averaged bstween orifices a and b, Vg,

ia therefore

AV L AVE AV)J.

e v, (30)

7
“av

Addition to equation (30} of the velccity increment due
to the direct influence of the wprofile zt the calibration
orifices, equation (13), completes the corrsction and
vields the true effective velocity at the position of

he model. ' )

For any small wveloclty correction AV, a corre-
sponding Macli number corrsectlon AM can te obtained
from the relation

AM AV vy = 1 %) -
=25 = =20 oA M
M v <1 2 ! (91)

where for air «y = 1.4,0. This equation is easily
derived by substiltuting eguation (30) of reference 3
into the first equation on rage 19 of the same resport,
expanding the equation, and neglecting powers of AV/V
higher than the first.

‘Limitsations to anplication of theory.- Several
limitations to the applicatlon of thie theory used in this
analysls should be recognized. First, because the theory
1s based on subsonic potsntial flow and in view of the
fact that, as the Mach number increases beyond the
criticel value, the flow departs increasingly from
potential flow and that supersonic-flow regions appear
in the field, a progressive divergence from the theory

[
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in the supercritical flow regime might be expected.
Application of the theoretical correction at kMach numbers
greater than the critical can therefore be Justified
only by experiment.

A second limitation to the application of the thsory
is imposed by the fact that in the development of the
theory the corrections were assumed to be amall; powers
of the velocity lncrements higher than the first wsre
therefore naeglected and the MHach numbers involved in
the compressibility factors were assumed to be equal to
those obtained from the tunnel calibration. A4t high
Mach numbers the compressibillity effects are such that
the corrections may become large, even for relatively
small values of the ratio of model thickness to btunnel
height t/h, and the compressibility factors themselves
may become inaccurate becsuse of the uncertainty con-
cerning the correct value of Mach number to use. If
-the correction becomes large, moreover, it may no longer
be- rossible to correct the results by uhe simple process
of correcting the stream velocity.

A severe limitation to the use of the closed tunnel
is that of choking, which is described in reference 3,
The choking Mach number, which is the highest Mach
number attailnable in a parsllel channel far upstream
from the model, is reached when the speed everywhere
along some line across the channel 1s equal to the speed
of sound. The line at which M = 1,0 cormmonly extends
from the airfoll surfaces somewhere near the maximum
thickness to the walls, If the line of M = 1.0 1s
streight and perpendicular to the axis of the channel,
the choking Mach number M, is theoretically a maximum
and is related to the thickness-to-height ratio t/h by

M Ch /,-'

M2 - TV
<} + Z :)

which is adapted from equation (87) of reference 3.
Practically, the thinning of the boundary layer produced
by the velocity increase at the walls due to the air-
foll may permit the attainment of a som&what higher value
of the choking Mach number than is given by equation (32).

=1~ (32)

Sl
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The effect of tiie absolute thickness of the bcundary
layer 1s smsll in comparlison with ths effect of the
changes in the thickness,  As ti® choking Mach number
Is approached, the tummel-wall.corrsctions are exrected
to become increasingly inaccurate. After the choking
Mach number has been reached, the pressure differences
betwsen points upstresm and downstream from ths model
can be increassed wlthout any anpreciable change in the
upstream Mach numbers. Because a single indicated
tunnel Mach number corresmnonds to an infinlte number of
downstream pressure distributions, after the choking
Mach nunber 18 reached, the conditions in the tunnel
carimat be related to the tunnel Mach nunber and the
application of corrections is obviously Imposasible.

Anglysls of Txperimental Wall-Interference Data and
Conparison with Theory

Mach numher distributions.-~ The experimental data

are analyzed 1n terms cf the local Mach numbers M
that are related to the local pressures p; of fig-
ures 5 and u by equation (1). These values of Mach

" number are assumed to be correct as determined from
the mesasured nressures and to regquire no corrsection,
Only the stream Mach numbers M at which the local
Mach numbers M; are nlotted must he corrected.

Por the tests In the open and closed jets, the
values of N3 at each measurlng moint on the profile
ware first plotted agalnst the indicated stream Mach
numbers at orifice a, M. At chosen values of Ng
values of M, were taken Trom these curves and are
shown plotted against chordwlse location in figure 3.

BExcent for the values for the closed-jet tests at % = 0,075,

which are evidently In error, the local Mach numbers in
the closed jet exceed thosse in the open jet. This
behavior accords with the theory 1in that for the same
indicated Mach number Mg the predicted effective stream
Mach number 1s greater for the closed than for the open
jeto .

The vossibility of correcting the test results for
the open and closed jets by correcting only the stroam
Mach numbers depends on the existence of identical local
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Mach number distributions for the two cases at corre-
sponding but different values of My. These two values
of M, for the open and closed jet then correspond to
some single effective value of the stream Mach number.
If the Mp-curves for the open and closed jets coincide
at given values of the theoreticdlly corrected stream
Mach number, the theory may be assumed to be correct

and the effective Mach number to bs that obtained

by anplication of the theoretical corrections. The fact

that (except for the values at §'= 0.075 already

assumed to be in error) the Mp-distributions of these
tests for the open and clesed Jjets have essentially the
same shape for the same value of M, up to a value

of 0.700 (near the critical value) suggests that correc-
tion should be possible, At the choking Mach number in

the closed jet Mg =-0.797, however, tihe distribution

of M; 18 already considerably different from that at

the same Mach number in the open jet and approaches more
nearly the My-distribution of the onen jet for Mg = 0.900;
but even for the choking Mach numbsr, so far as can be
judged from figure 8, coincidence with an Mp-dilstribution
for an open jet might occur at some wvalue of M some -
what less than 0.900 and correctlon might stillabe possible .
The compressibility effect on the interference is shown

in the lncreasing spread at gilven values of My Dbetween
the local Mach number distributions for open and closed
jets. : S

Correction was first made for wake constriction
and uniform nressure gradisnt by use of the theory
previously discussed by correcting the stream Mach number
to : ’

Mg + My
2

Mgy =

Local Mach number distributions M; at chosen values

of Mgy are shown in figure 9. The Mj;-values of

figure for the closed jet are the same as those of
figure 8; only the stream Mach numbers have been changed
from Mg to Mgy. From figure 9 the correction for wake
constriction and pressure gradient can be seen to bring
the Mach number distributions for open and closed jets =
into much closer agreement, particularly at the lowasr Mach
numbers, than if thils correction had not been applied.
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The relation between N and Mp 1is shown in
'igure 10, For both open and closed jets, My, 1s
areater than M; but the difference between the two
1s much greater for the ¢losed ist than for the open jet.
Thls effect agrees qualitatively with the woke-constrictlon
theory (see equatlions (15) and (16) and the dlscussion
following these equaticns), At modarate Mach numters for
which an estimate of the wake corstriction can reasonably
be mede, howevar, the corrections, particularly for the
cliosed jet, are much greater than indicated by the wake-
constriction thsory. For the closed jet, for example,
the corrections are gbout five times &s great at
¥g. = 0,600, which indicates a pressure gradient 1n the
tunnel,

Local Mach number distributicns at values of the
stream Mach number correctod for soclid comstriction as
well as for wake constriction and pressure gradient are
shown in Figure 1l. The distributions of M; Ffor the
closed Jjet ars the same as those given in Ffigure 9, butb
the stream llach numbers My, have becen correctad
to Mgopr by addlng the solid~constriction correctlion

for closed-throat tunnels gilven by equations (30) and (31).
For the open jet the values of g corrssponding to the
values of Myopp for the clesed-throat tunnel have been

found by subtracting from the values of Mggpp Icr the

closed~throat tunnel the solid-constriction correctlon

(equations (30) and (31)) and thne Wﬁke—constrictlon and

nressure~gradisnt correction ;£~:—;54__At values of Mg
o

so obtainsd, the Aj-values for use in figure 11l were
taken from the nlots of M; against Mg for the open-jet

tests. 2dditional dilstributions of M; are shown in
figure 11 for a Mach number, M,gopp of 0,790, which is

greater than the critical value and corresponds to a
Mach number Ng of 0.750 in the closed jet. Ths Mach
number value Mgepp represents the stream Mach number
completely corrected theoretically except for the small
direct influence of the alrfoll profile at the measuring
orifices. (See equation (13).) This influence is the
same in both open and closed jets and therefore does not
aifect the comparison.

Fair agreement is obtained between Mach number dis-
tributions for the open and clossd Jets at the same values
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of the corrected Mach number Hcorﬁ except at the

Mach number corresponcing to choking in the closed

tunrnel. The accuracy of the data 1s not such as to per-
mit the theoretical wind-tunnel corrections to be checksd;
the most that can be said is that, when the theoretical
corrections were anplied, the nacn number distributions

up to & stream Mach number bhetween the critical and the
choc1ng value for the closed Jjst came into approximate
agraement and that the agreement was better even at the
choking Mach number than if no correctlon had been applled.

In order to investlgate the type of flow existing
for these tests, the Mach number distribution in potential
flow was computed at a free-~stream Mach number of 0..05
and 1s shown in figure 11. In calculating this Mach
number distribution, the velocity distribution for incom-

pressible flow (yz/vo)i was obtained by thes method of

reference 9. The Induced-veloclty coefficient corre-
sponding to this velocity distribution,

vy (ﬂ> ;
Vv, : Vs s
1
was then multiplied by the factor —=—=——= (see refer-
yi - M

ence 10) to give the induced veloclty at a stream Mach
number of 0,405; that is,

_A_YL> =<§E x -
Vo/, \Vo/y WA - (0.405)2 | -

The stream velocity correSponding to this induced- velocity
ratio at the Mach number 0.,L05 is _

ORI
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sand the Mach number dlstributlion 1s obtained from the
isentroplc flow relatlon

v, /v

. 1 o
P -
Y"l ZV'Z,
- — - 1
.

X
Bxcent for the. erroneous values at 7T = 0.075 for the

closed tunnel, the agresment beiween the calculated Mach
numbers and the corrected measured values 1s reasonably
good and indlcates that, in swite of the small size of
the model, no serious flow separatlon occurred and the
Reynolds number was therefore not below the critical
velue. '

(33)

The method of applylng the corrsctions may be
clarified by reference to figures 12 to 1. In these
fixzures, the local values of the Mach number M; at the

275-percent-chord station are divided by Mg, Mgy,
and Meoprp ~ In turn and plotted against M Movs

a’?
and M respectively,

corr?
The process of .correctlion of two Mach number ratios
in the open and closed jets is shown in figure 1llj. The
local Mach numbers I were obtalned correctly from the
local preszures p; and the total nressures H Ty use
of equation (1). bonsider the value of My /Moorr LoOT

the closed-thrioat tunnel plotted at MNygppr = C.779 In
fizure 1lli. The corresponding value of M; was originally
divided by Mg (= 0.7L9) and plotted at- ¥y = 0.749 in
figure 12. Correction for préssure gradient and wale

effect gave a value of Mgy of 0.765. The value of Ny
was therefore divided by Mgy (= 0,766) and this ratio

was plotted at Mgy = 0.766 in figure 13. The corrac-

tion involved a decrease of the Hach number ratio

from 1.4439 to 1.,,07 and an incroase of the Masch number

at which the locsal Mach number ratlc was plotted

from 0,749 to 0,766. The -solid-constriction correction
involved an sdditionsl increment of Mach number of 0,009,
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The value of M; was therefore Givided by Mgoprr (= 0.775)
and the ratlio was plotted at Mgopr = 0.775 in figure 1k,

The values of the Mach number ratios for the open-throat
- tunnel were corrected in the same way but in this case
the solid-constriction correction was apposite in sign
to that due to the wake and pressure gradient. For this
reason, the point in figure 1l for the open jet at’
Meorr = 0.790, for instance, is glmost the same as the
corresponding uncorrected point in figure 12,

In figure 1l the open-jet values of the local Mach
number ratio for Mgopr greater than Meopr = 0.500

have been omitted because at these high Mach numbers the
theoretical compressibility effect on the solid-constriction
corrections 1is held in doubt and no closed-Jet values are
avallasbls for comparison. The highest corrected stream
Mach number for the closed jet is 0.858, which corresponds
to tunnel chokling. The corrected Mach number ratio for

the closed-throat tunnel at this station (27.5 percent
chord) and at this stream Mach number falls below the
corrected open-jet value, whereas with the same corrected
stream Mach number but at stations farther back on the
surface (fig. 11) the Mach number ratios for the clased

jJet considerably exceed the onen-~jet values. This behavior
suggests that. tunnel-wall~interference investigations '
based on isolated vpressures on the model rather than on
pressure distributions are not to be reliled uvon.

Schlleren photographs.~ Additional information on
the nature of the boundary interference and flow in
open-throat and closed-throat tunnels can be obtalned
from the schlieren photographs of figures 5 and 6.

Up to the Mach number at which shock waves first occur
(figs., 5(a) to 5(c) and 6(a) to 6(d)), the flow in the
vicinity of the model appears the same in both open and
closed jets. At somewhat higher Mach numbers (figs. 6(g)
to 6(t)), disturbances in the open jet changed the flow
pattern near the model and thereby nrevented an accurate
comparison between the flow patterns in the open and
closed jets, In view of the uinsteadiness in the flow,
which at times caused the flow about the airfoill to be
asymmetrical, the approximate agreement between the
corrected Mach number distributions for open and closed
jets 1s rather surprising and 1s perhaps fortuitous.
Nevertheless, even the flow patterns show certaln’
similarities.
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The.critical Mach number H was judged from sharp
Cr < g

»rints to correspond 5o a lach numker M, 1in the closed
tunnel of 0.717, which with corrections would be only
5lishtly more than the thesoretical value of Mgy of C,.720,

Unfortunately, because df the necessity of changing the
tunnel walls for ths schlieren setup, sccurate wall-~
interierencs corrections cannot “e applied. Tha critical
Lach number itself caunot e accurately defined, howsver,
because the first gathering of the shock wave by whizh
the critical Mach number 1s determined is a gradual
process and doss not occur suddenly at one speclfic

value of the stream Mach number. It ls evident {from
ficure 6(e), althiough thse flow is unsymmetrical, that

the critical Mach number in the open jet is close to 0.728;
no great dilfference therefore exists between the critical
Fach numbers in open and closed jets,

4% Mach numbers between the critical and about 0.75
or 0,76 (Tigs. 5(a), S(e), 6(f), and 6(g)), the results
for open and closed jets mgree in showing no large
disturbances in the flow, though the Intensity or the
shocks increases, At still higher Mach numbers (fipgs. 5(f)
to 5(m) and. 6(h) to &(v)}, voth opesr-jet and closed-jet
tests show increasing intensity of shock and separation
of the flow wlth cdevelopment of a wide wake. The shock
patterns are somewhat simlilar but, as the theory would
leed one to expect, the shock waves Gevelop toward the
wall in the closed jet as the Mach number is increased,
whersas in the owen jet the ends of the shock waves
remain diffuse. Even at the choling Mach numker for the
closad jet (figs. 5(n) and 5(c)), open-jet flows can be
Tfound with similar shock natterns on the airfoil
(rigs., 6(s) and A(t)), thouzh the pressure dlstriou-
tions (figs. 3 and li) in the Mech number ranges at which
these two sets of schlieren pictures were made do not
agree, When the tunnel power in the closed Jet ls
increased heyond the smallest amount nscessary for
choking (fig. 5(p)), the shock pattern is different from
any obtained for the open Jot.

Condltlons near Choking

The choking sach number for the closed tunnel Maoh

for the present tesats 1s compared in figure 15 with the
choking Mach numbers obftained in two other tunnels and
with the theoretical wvalues of choking Mach numbar
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obtained from equation (32) without consideration of
boundary~-layer effects. The value of the choking Mach
number for the present tests falls above the theoretical
curve, whereas from durely potential-flow theory it should
fall on or below the theoretical cuvrve, If allowance

were made for the pressure zradient existing in the tunnel
(that is, if the tunnel velocity had been obtained from g
tunnel calibration), moreover, the choking Mach number
would fall still ferther above the theoretical value.
The fact that the tunnel chokes at a Mach number greater
than the theoretical value is believed to be due Lo the
decregse in thickness of the wall boundary layer in =
regions of increasing velocity as @iscussed with relatlon
to equation (32). The required gradient obvicusly exists
on the side walls in the vicinity of the model and is
known to extend to tha upper snd lower boundaries as

the Mach number anproaches the cholting value. The negative
density gradlent corresponding to the negative pressure
gradient is shown by the dark regions above and below

the model in figures 5(o) and 5(p) and is ssen to cover
the whole cross section of vhe tunnel. The thinning of
the wall boundary layer causes the effective cross sections
at the model to be larger than would otherwise be the case
so that a greater mass flow passes than is assumned in the
theory, which causes the upstream kach number where the
boundary layer is relatively unaffected to be hiOher

than it would otherwise be.

Further evidsnce. to suppart the argument advanced
hereln with regard to the effect of the boundary layer
is contained in the relative nositions of the polnts in
figure 15, Both the Langley rectangular high-spsed
tunnel and the tunnel used for the present tests have
narrow rectangular cross sections in contrast to the
avpreximately circular section of the Tangley 2li~inch
high-speed tunnel. The ratio of boundary area per unit
length to cross-sectional sresa 1s therefore miucth greater
for these rectangular tunnels than for the almost circular
tunnel and the boundary-layer eoffects considsred should
also be greater. Thie expected effect is indicated in
fizure 15 by the fact that except for one single point
the values for the rectangulsr tunnels fall near the
theoretical curve, whereas all values from the almost
clrcular tunnel fall below the curve, Of course, the
influvence of the model, which should. tend to cause the
experimental mnoints to fall below the theoretical curve,
would also make 1itself felt; and, the model influence -
would bs zreater the larger the model. This effect
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i-values in figure 15. The wall
boundary layer must affect the flow in such a way as to
alleviate the tunnel constriction at all Mach numbers,
put the effect rapidly increases as the Mach number
approaches the choking value.

anpears at the hilgher

The shock extends to the wall at the choking Mach
number (figs, 5(n)} and 5(o0)), which shows that sonlc
speed must also sxtend to the wall, so that theoretically
no further increase in mass flow with the same upstream
stoo pressure and temperature is possible. In figurs 5(p)
an increase in tunnel power has thus produced a change
in the shock pattern without a change in the upstream
Mach number, As shown in figure 16, the pressure dif-
ference between upstream and downstream pressure orifices
is also increased without a change in upstream Mach
number, Indeed, the reduction 1n back pressure behind
the shock (or the increase of prossure shead of the shock)
is the cause of the change of the shock-wave pabtern,

The pressure dlfference between upstream and down-
gtream orifices evidently bexglns to increase rapldly
(see fig. 16) at a speed somewhat sbove the critical
speed and apprarently this increase might be used to
determine the highest Mach number for which the test
results obtalned could te considered relisble. In the
open jet, as may be seen from figure 16, no large pres-
sure difference such as occurs in the closed jet exists,

v
Change of Velocity Ratio L with Mach Number

Vo

The existence of corrected experimental velocity
ratios alffords an opportunity for comparing with experi-
ment several formulas for the compressibility effect on
the local velocities, Four of the best known of these
formulas are : : - -

(1) A relation corresponding to the Prandtl-Glauert
theory (references 10 and 11)

v X_Z> -1
<_7;> o, L Nols ) (3L,)
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(2) The Kelrmem Tsien relation (from egquation (61)
of rasference 12)

(35)

<v,,\ <v >l <1 * W>

@

(3) The Temple-Yarwood relation (from equatlion (51)
of refersnce 13)

1
3 =(w + o)
v\ /v, ) 5 cos 3
V°>c ) <V°>1 9< ) Tl) cos o e

1--2

ad

O

el =
1 5 + MOZ

3 1/2 /v
cos o= 2 (3 - 2n)(3m) (v‘i

(lt) The results of Xaplan's anplication to a bump
and to a curved surface (see nages 16 and 17 of refer-
ence 1;) of the extended theory of compressible flow with
small perturbations.

vwhexre

and

The comparison of the experimental and theoretical
variation of velocity ratio V3/V 'spp Wilith Mach number

Mgpr 1s shown in figure 17 for values at the 27.5-percent-
chord station. In this figure, the correction for the
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direct Influence of the proflile at the calibratlion
orifices has been applied (equation (13)) in addition

to the other corrections to give effective values of the
stream velocity and Mach number, Vgper and MNMgppr. The

theoretical curves ware passed through a value of heff

of 0.y, which was Cetarmined by fairing through the
closed-jet values of V;/Vgep in this region.

The simple Karméa Psien relation {(equation (35)) 1ls
seen from figure 17 to agree witn the experimental
variation of . VL/Veff at the 27.5-parcent-chord station

as well as any of ths theoretlical variations tried.
According to the theory, these theoretical relations are
expected to describe the experimental variation bast near

the neall velocity. In the present tests, the Kdrmin-Tsien

relation was also found approximaitely to describe the
change of Vy/Vgpe with Mach numver, up to Mach number

values somewhet beyond the critical, at roints farther

ﬂck on the airfoil. This ayproxlmate agreeinent oI the
Karman-msien relatlon with experiment is consistent wlth
past experience and suggests, especially inasmuch as
the relation is alsc velatively simrlae, that this rela-
tion should be used to extravolate low-spead veloclty
and pressure coefficlents to high speed, at least for
values of thiese coefficlents in the wvicinity of and for
moderate values of the peak velocity. No theory, based
on pot:ntial flow, should of course be expsctsd to hold
in regions in which the flow departs considerahly from
the potentlal,

TNTERPRETATION OF RESILTS alD CONCLUSIONS

Frcm the foregoing analysils of two-dimsnsional tests
02 the NACA 0012 airfoil of l-inch chord in 3-inch open
and closed jsets, the following remarks are consldered to
ve Jjustified:

1, In anplylng tunacl-wall écorrections, care rmst
h3 exercised to take account of eny interference at the
orifices used in determining the tunnel veloclty as

well as to obtaln a correct empty-tunnel calibratior.

2. ™e corrections [for wake and solid constriction
ware found to be sufficient u» to a Mach number betwsen
the critical and choking values to bring the results for
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the open and closed Jets into avproximate agreement,
The accuracy was insufficisnt, however, to prove the
sractness of the corrsctions,

3. In the closed-throat tunnel the speed is limited
b7 choking, which i1s the most severe effect of the tunnel
walls, Even at a veloclty very close to that at the
first attainment of choking, however, an open-jet Mach
number distribution (one occurring at an uncorrected
stream Mach number less than unity) could be found which
was not greatly different from that obtained in the closed - _
jet though the correspcnding apparent stream Mach numbers '
were greatly different. Application of the theoretical R
corrsctions employed in this report failed to bring the B
results for the open and closed'jets at the corrected
velocity for the choking Mach number in the closed jJet
into coincidence, With tide approasch of choking, Correc-  ~ —
tion by any method may be 1lmpnossible, ) T

ly. If, after the choking Mach number is reached, the -
tunnel nower ls increased, the pressure difference CoE
between points upstream and downstream from the model 1s .
increased without any significant increase in the up- e
stream Mach nimber. Inasmuch as a given Mach number
upstream therefore no longer corresponds to a single
pressure distribution in the tunnel, corrsctions are
obviously impossible after the chO{ing_Nach number 1s
reached. RS

5. In consideration cf the severe speed limitation
imposed by choking and of the large increagse in tunnel-
wall interference at high Mach numbers, models for high-
speed tests in a closed tunnel should be much snmaller
than the largest models that can bs successfully tested
at low speeds,

6. For the open Jjet, the absence of choking and
wake constriction and the fact that ths theoreticsal
solid-constriction correctlons are relatively smaller
than in a closed Jet suggest that the open Jet should
be advantageous for tests at high Mach numbers., Certain
difficulties may, however, be eXherieqced with open ’
tunnels, Even at low speeds the boundary conditions are
only approximately satisfied by the thaory and, at very
high speeds (Mach number above the critical), tne -
theoretical compresaibility effects on these corrections
are no longer strictly applicaeble. lioreover, disturbances
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at the boundaries ma¥ cause the flow to bs unsteady in
the vicinity of the model., In orcder, therefore, to
realize the theoretical advantages of open Jets for
tests at llach numbers approaching unity, speclal care
must be exercised to obtain a design that minimizes
Clsturbences in the flow; large Jjets are expected to be
advantageous 1In this reaspect. In acddition, the tunnel
becundary corrections up to thke highest test-Mach numbers
must be determined with greater relisbility than 1s now
possible, -

T+ The methods now available for estimating correc-
tlons for tunnel-wall interference are severely limited
in anplication. The theory is strictly a»nlicable only
in potential flow at Mach numbers less than the critical
and only so long as the corrections are small. Further
Investigation, both theorstical and experimental, 1is
needed to determine the nature of the corrections
required, to establish the limits of practical usefulness
of present methods, and to develop theory and methods of
apnlication for estimating corrections up to Mach numbers
as near unity as possible and for the largest-models
for which cecrrections can be aprlied,

Langley Memorial Aeronautical Lsboratory
National Advisory Committee for Aecronautics
Langlsy Field, Va,, January 9, 1946
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Figure 3.- Distribution of ratio of static to total pressure pz/H sbout

NACA 0012 airfoll of l-inch chord in 3-inch closed Jet. Mach number U,
taken at orifice 1.375 inches upstream from lesding edge of model.
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Figure li.~ Distribution of ratio of static to total pressure p/H about

NACA 0012 airfoll of l-inch chord in 3-inch open jet. MNach number M,
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NACA TN No. 1055 Fig. 5a,b

(a) M = 005000

(b) M= 006640

5.- Schlieren photographs of flow about an NACA 0012
airfoil in a closed jet. -;'1— = 0.04; a = 0°.

NATIONAL ADVISOAY COMMITTRE FOR AERONAUTICS
LANOLEY MENORIAL ARRONAUTICAL LABORATORY - LAXGLBY FIBLD, Vi.
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(c) M = 0.717.

(d) M = 0.742.

Figure 5.-. Continued.

WATIONAL ADYISORY COMMITTEE FOR ARRONAUTICS
LANGLEY MENORIAL AERONAUTICAL LABORATORY - LANGLEY FIELD, Vi.
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(e) M= 007550

(f}) M = 0.758.

Figure 5.~ Continued.

NATIONAL ADVIBORY COMNITTEE FOR AERONAUTICS
LANGLEY WENORIAL ARRONAUTICAL LABORATORY - LANGLEY FIELD, YA



NACA TN No. 1055 Fig. 5g,h

(g) M= 0.,767.

(h) M= 007720

Figure 5.- Continued.

NATIONAL ADVISOANY COMMITTEE FOR AEBROKAUTICS
. LAKGLEY WEMORIAL AERONAUTICAL LABORATORY - LANGLEY FIII.D, Yi.
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(j) M = 0 2780,

Figure 5.- Continued.
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NACA TN No. 1055 Fig. 5k,1

(k) M = 0.782.

(L) M = 0.786.

Figure 5.- Continued.

NATIONAL ADVISORY COMMITTEE FOR A’mllﬂf!cl
LANOLEY WEMORI AL AERROXAUTICAIL LABORATORY ~ LANGLEY FIEKLD, Ya.
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(m) M = 0,793,

0.796.

(n) M

Figure 5.- Continued.

NATIONAL ADYISORY COMMITTRE FOR AEROFAUTICS
LANOLRY MEWORIAL ARRONAUTICAL LABORATORY - LaKGLEY FIEBLD, VA
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NACA TN No. 1055 Fig. 5o0,p

(o) M = 0.796.

(p) M = 0.796.

Figure 5.~ Concluded.

NATIONAL ADVISORY COMNITTEZ POR ABRONAPTICS
LANGLEY MEMORIAL AERONAUTICAL LABORATORY = LANGCLEY FIELD, Yi.
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(e} M = 0.652. (b) M = 0.654.

{c) M = 0.673. (d) M = 0.673.

Figure 6.- Schliéren photographs of flow about an NACA 0012
airfoil in an open jet. %f = 0.04; a = 0°,

NATIONAL ADVISORY COMMITIEE FOR AERONAUTICS
LANGLEY NEMORIAL AERONAUTICAL LABORATOAY - LAKGLEY FIELD, Yi.
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lf) M= 00757n

(g) M = 0.758, {h) M = 0.798.,

) Figure 6.- Continued.

XATIONAL ADYISORY COMMITTEE FOR AERONAUTICS
LANGLEY MEMORIAL AERONAUTICAL LABORATORY = LANGLEY FIELD, VA.
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(i’ M = 0-798. (j) M = 0-8131

(k) M = 0.886. ' (L) M =.0.826.

Figure 6.- Continued.

NATIONAL ADVISORY COMMITTEE FORL AERONAUTICS
LANOLEY MEMORIAL AERONAUTICAL LABOMATIOAY - LAXSLEY FIELD, Yi.
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(m) M = 0.859. (n) M = 0.860.

(o) M = 0.873. “ (p) M = 0.873.

Figure 6.- Contlinued.

NATIOKAL ADYISORY CONMITIER FOR AERONAUTICS
LANGLEY MEMORIAL ABROWAUTICAL LABORATORY = LAXSLEY FIEBLD, Vi.
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(q) M = 0.911. (r) M = 0.912.

(s} M = 0..964. S ft) M = 0.967.

Figure 6.~ Concluded.

NATIONAL ADYVISORY COMNITTER FOR ARRONAUTICS
LANGLEY NEMORIAL AERONAUTICAL LABORATOAY = LAKGLEY FIFLD, Vi.



NACA TN No. 1055 , ’ Fig. 7

+>

Jet boundary
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Figure 77— Scheme for computing velocity induced
at calibration orifices a ahd & by
/images A, A',B, and B’
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Figure 8.~ Comparison of distributions of Mach number M
of l-inch chord in open and closed 3=inch Jets at vnlﬂoo
taken 1,375 inches upstream from the leading edge.

over an NACA 0012 airfoil
of tke Mach number x.
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Figure 9.= Comparison of distributions of Mach pumbsr over an NACA 0012 airfoil
of l-inch chord in open and closed 3-inch jets at avefage values of the
Mach number M,y taken 1.375 inches upstream and downatiresm, respectively,

from tke leading and trailing edges.
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Figure 10.~ Mach number M, taken 1.375 inches downstream from tke tralling adge
ss8 & funotion of the Mach number M, taken 1.375 inohes upstream from the
lesding edge of an NACA 0012 airfolil of l-inch chord in a 3=inch jJet.
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Flgure 13.~ Comparison of Mach number ratlos MZ/Mav at the 27.5-percent-chord station
for an NACA 0012 alrfoll of l-inch chord in 3-inch open and closed jets. M

av

is

the average value of the Mach number at points 1.375 inches upstream and downstream,

respectively, from the leading and tralling edges.
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Figure li.- Comparison of Mach number ratios Hl/ucorr at the 27.5-percent-chord
atation for an NACA 0012 airfoil of l-inch chord in 3-inch open and closed jets.
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Flgure 15.- Maxlmum Mach numbers attained in several Langley high-speed tunnels.
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Figure l6.~ Ratio of statlc preassure one chord ahead of model
to static pressure one chord behind model.
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Plgure 17.= Comparison of experimental and thecoretical varistion with

Mach numbepr “err

of veloecity ratio V;/Veff at 27.5«percent-chord statlon.

(Subseript eff designates effective valuez of velocity and Mach number

corrected for wake

calibration oriflicea

and solid blockage and for influence of model at
a and b.)
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